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EXECUTIVE SUMMARY

Prior to 1997, WSDOT used the Engineering News Record (ENR) Formula for driving
piling to the design capacity. Washington State Department of Transportation (WSDOT)
sponsored research published in 1988 had shown that the ENR formula was quite inaccurate and
that moving toward the Gates formula would be a substantial improvement (Fragaszy et al.
1988). Hence, in 1996, an in-house study was initiated to update the driving formula used for
pile driving acceptance in the WSDOT Standard Specifications.

Included within the scope of this study was an evaluation of whether prediction
performance could be improved by making empirical improvements to the Gates Formula.
Others, such as the Federal Highway Administration (FHWA), had proposed modifications to the
Gates Formula in recent years to deal with recognized deficiencies. Therefore, recently
compiled databases of pile load test results were used to verify whether the improvements to the
Gates Formula proposed by the FHWA indeed would produce a more accurate pile resistance
prediction and to develop any additional necessary improvements. From this empirical analysis,
the WSDOT driving formula was derived.

While the effort to develop the WSDOT driving formula started out as an empirical
analysis to improve the Gates Formula, so many changes were made that it has in essence
become a new driving formula. For example, the square root function of hammer energy was
removed (hammer energy is now to the first power), and the log;y function of penetration
resistance was replaced with the natural logarithm. In addition, coefficients were added to

account for the different hammer types and pile types. The consistency of the WSDOT driving
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formula with wave equation predictions was also evaluated to provide the most seamless
transition possible to hammer-pile system performance evaluation by the wave equation.

Once the WSDOT driving formula had been developed, the empirical data used for its
development were also used to establish statistical parameters that could be used in reliability
analyses to determine resistance factors for load and resistance factor design (LRFD). The
Monte Carlo method was used to perform the reliability analyses. Other methods of pile
resistance prediction were also analyzed, and resistance factors were developed for those
methods as well.

Of the driving formulae evaluated, the WSDOT formula produced the most efficient
result, with a resistance factor of 0.55 to 0.60. A resistance factor of 0.55 is recommended.
Dynamic measurement during pile driving using the pile driving analyzer (PDA), combined with
signal matching analysis (e.g., CAPWAP), produced the most efficient result of all the pile

resistance prediction methods, with a resistance factor of 0.70 to 0.80.



THE PROBLEM

Prior to 1997, WSDOT used the Engineering News Record (ENR) Formula for driving
piling to the design capacity. Washington State Department of Transportation (WSDOT)-
sponsored research published in 1988 had shown that the ENR formula was quite inaccurate and
that moving toward the Gates formula would be a substantial improvement (Fragaszy, et al.
1988). Hence, in 1996, an in-house study was initiated to update the driving formula used for

pile driving acceptance in the WSDOT Standard Specifications.



BACKGROUND

Pile load test data from Paikowsky et al. (1994), later updated with the expanded database
also provided by Paikowsky et al. (2004), were used to develop the WSDOT pile driving
formula. The WSDOT driving formula, as is true of most driving formulae, was empirically
derived. The basic form of the equation has similarities to the Gates Formula. While the Gates
Formula proved attractive in previous studies because of the relatively low variability in the
predicted resistance relative to the pile load test measured resistance, it tended to over-predict
resistance at low driving resistances and under-predict resistance at high driving resistances. To
help offset this problem, the Federal Highway Administration (FHWA) proposed a modified
Gates Formula (Hannigan et al., 1997). Similarly, the WSDOT pile driving formula was
developed to maintain the low prediction variability of the Gates Formula but at the same time
minimize its tendency to under- or over-predict the pile nominal resistance.

The WSDOT pile driving formula has the following form:

R, =6.6xF, x ExLn(l0N) (1)

where: R, = ultimate bearing resistance, in kips

For = hammer efficiency factor

E = developed energy, equal to W times H, in ft-kips

W = weight of ram, in kips

H = vertical drop of hammer or stroke of ram, in feet

N = average penetration resistance in blows per inch for the last 4 inches of driving
Ln = the natural logarithm, in base “e”



In the WSDOT Standard Specifications for Road, Bridge, and Municipal Construction

(2004), Section 6-05.3(12), Equation 1 has been simplified to:

R, =FxExLn(10N) )
where: R, = ultimate bearing resistance, in tons, and
F = a constant that varies with hammer and pile type

Note that the energy term in the WSDOT formula is intended to represent the actual
stroke (single-acting hammers) or equivalent stroke (double-acting hammers) observed during
driving multiplied by the ram weight, termed the developed energy. Technically, this is the
kinetic energy in the ram at impact for a given blow. If ram velocity is not measured, it may be
assumed equal to the potential energy of the ram at the height of the stroke, taken as the ram
weight times the stroke. These formulae are not intended to be used with the gross rated energy
for the hammer. This issue only affects single-acting (i.e., open ended) diesel hammers and all
double-acting hammers. This issue does not affect single-acting air/steam hammers in terms of
how these driving formulae are applied in the field.

The data used to develop the current form of the WSDOT formula are provided in Table
1. Most of the data provided in Table 1 were obtained at end of drive (EOD) conditions (i.e.,
when the pile was first driven to tip elevation), with a limited amount of data provided at
beginning of redrive (BOR) conditions (i.e., when the pile is driven a limited distance below the
tip elevation achieved during initial driving after an extended period of time, typically several
days after the pile was initially driven to tip elevation). Additional BOR data are provided by
Paikowsky, et al. (2004). F.; was derived in this formula to be approximately equal to the
measured transfer efficiency, defined as the measured transferred energy divided by the

estimated developed energy for the hammer.



062 Lze ¥GS L) GG'le Gze Gze L 0LO-INA M6 [ AepAis | o6l | .£9'6d3D UISUODSIA\ | "s| sauor ao3
'® pues -4G6HO
061 z.€ G0 g9°¢l Gze gze L 0L0-INA [pues Ayis| Aep Ais | ovvl | .€9°6d30 UISUODSI\ | “S| seuor aos3
-9G-9HO
052 /81 969 €80 9'Gl Gze gze L 0L0-INA [Aep Ayis| Rep Ais | 0zvl | 4.€9'6d430 UISUODSIM | "S| S8uor | dO3-6EHO
0G2 oGl ¥9¢ €80 6812 Gze Gze L 0LO-INA RepAs | gzvl | .£96d30 UISUODSIM | "SI sauor | d03-¥HD
8€e oLl 162 Gl 6'€C gze gze I 0L0-INA |pues Ayis| Aepo 1s-es | z'GG| W71d30 UISUODSIM | "S| s8uor | O0J-EOHD
zlt S0l [d%4 L 88l gze Gze L 0L0-INA [pues Ayis| Kepo 1s-es | |'zyl €9XZLdH UISUODSIM | "S| S8uor [ d03-€9HD
8¢z oLl Gle GL0 €6z Gze Gze L 0L0-INA |pues Ayis| Keo 1s-es | €°GGL €9XZLdH UISUODSIA | "S| SBuor [ d03-Z9HD
099 112 ¥0S Gl'¢ 6622 z0S z0S I 200Z-INA [pues Ajis| Aepois-es | 0°ZLL | .52'2) 3D | UuISUODSIp | “s| seuor | AO3-¥VHO
9¢6 06€ 1¥9 1l 88'¥¢ z0S Z0S L 000z-INA |pues Ajis| Aepo 1s-es | 0'¢zl | .G2'2L 3D | UISUODSIM | “S| Seuor | AO3-LVHO
L8 88y G96 GLY €G°GlL 09 009 L 0Z0-INA | pues pues Gz9 bs,¥z0Sd epuo|4 mpoyd | A03-9290
Aakepd
€98 £GE 06 GZ'S 1981 09 009 L 0Z0-INA | pues pues 6201 bs.¥z OA epuo|4 yoeledy | AO3-GvLV
Aakepd
€98 L 9z8 SZ'S v0'8lL 09 009 L 0Z0-InA | Aep pues 6'€0l bs.¥z OA epuo|4 yoeledy | AO3-€ELY
Apues Kekejo
vel 116 018 16T G60Z 09 009 L 0Z0-INA >§»mw =T 8’19 bs.¥z OA epuo|4 yoeledy | AO3-LOLY
akelo
Z18 LeY 0€S 9Ly ¥6'12 09 009 I 0Z0-INA | pues =) zs bs,¥z ON eplo|4 yoeedy | @o3-Lvv
80Y vze 80¢ s 3 Gze gze L 0L0INA | pues [Aep Apues| 909 bs,810S8d epuo|4 yoeledy | @o3-9Lv
€08 657 008 v zsee 09 009 | 0Z0-InA | pues >nﬂmw 1'GS bs,¥Z OA epuo|4 yoeedy | @o3-szv
ohejo
69/ 89¢ 66 Zv'e Gl 09 009 L 0Z0-INA | pues pues €06 bs.¥z OA epuo|4 yoeledy | zao3-ev
Aakepd
v.€ 662 2SS G6') 696 1'¥€ L¥E L inueg Kep | Aep s | 929 bs,8'010d elfessny J0IH | A03-L¥LV
€GY €8¢ 8¢9 €9°¢ S0'1e L'¥e L've I gnueg | Aep [ AepAhus | 929 bs,8'010d elfessny J0IH | ao3-vsv
6.1 Z8 v0l 19T GG Sl 06l L L-INA | pues-jjis | pues-jis 8¢ .01 d30 YIoA MaN | wapsed | d03F-9v1S
€19 o€l 0ot 191 9Yl 09 009 L 0Z0-INA [pues Ais| Aep Ais | €98 bs,¥z0Sd BUEISINOT Gy | ao3-¢14
€981 Gzel 0¢ Ly 06 006 I 00gU0D 1 [oAesB-|I [ 601 .87 d30 | uoibuiysepy | oxe|pig | AOI-aMd
010z G6Z 00l Ly B2z 06 006 I 00gU0D 1 [oAesb-n | 8've .87 d30 | uoibuiysep | oxe|pig | AOI-YML
(sdny) | (sdny) (sdny) | (1ldg) | (sdpy-) (y-dny) (y-diy) | ,edAL | 19pON dip apIg W) adA) a|id uoneso] "ON JaquinN
uonenb3 [dvMd3l[isel peo| Juno) ABiauz ABiauz I9PON | o1q pue | JoWWeEH adA] |adA) pjos| ydeqg 90UdI9)9Y| asen-3|id
10dSM |[dVYMdVY)D| wouyy mo|g |patiaysuel] |padojaaaq| JoawweH Jowwey 108 Jjauad
)sisay pajewi}sy | uo pasegq
onels ABiauz
painseapy pajey

‘($00T T8 10 Aysmoyred woiy paydepe) Arewrwuns dseqeiep 159} peo] 9[id ‘I dqeL




GG6 655 08¢l 116 L1°0g 101 G'08 z €2-9%-Q | euoisyis [)is g pues| GGzl | bs,0z0Sd uobaiQ easly [ QO3-1H04
0l 8G9 0591 1911 186 oLl 8'68 z IE >§»mw Rep-is-es| Gy bs,7z0y ewoyeplo | z-swio | ao3-vo4
akelo
£€8 0€S 052 80'G 8zZ'8l oLl 6'98 z 0LL3a [pues Ayis| pues Ayis | €9 10,#20Sd | ewoyepO | L-swiD | A03-zO4
z€5 6.1 v.€ 116 6'6 9'65 '8y z 0¢-a I Rep Ayis 9g bs,71OSd | 3N eyewQ 08t ao3-eNd
cov 9zz ¥GE G'¢ 1L 9’65 'Oy z 0e-a n Rep Ayis G9 bs,zLOSd | 3N eyewQ 08t ao3-znNd
79zl S0Z 168 9.'¥ 09¢ 00°06 006 I 00€D [>oosewn | pues 05'¢. | bs,o¢0sd epuo|4 Aeg aos3
02BWUOD -auojsauwl| edwe] -1¥S14H
-IS-|0
oo LOEL 1611 80z 0zy 00°06 006 L 00€2 Aep | Aep-1s-es| 09'6¢ | bs.0g OSd epuo|4 Aeg aos3
odewuo) | Apues edwe] - €S74H
Sve zel €l €l 86 G6l G6l I 90 uednA| JuB/m [ pues Ayis | 6601 Z¥X0LdH YIOA MON MIOA  [AO3-dSAN
pues Ayjis M8N 3S
98¢z Sov 23d) 8 88l 051t 005} I 00€S pues pues GG, | 1A ,.4GDSd | SMOAMSN [ Awunod | gO3-€0D
odewuo) asusp suaanpP
oLy 1GE 181 z0l G6l SY've S¥e I 008 -INA| pues pues €9l | .G2'21 d30 epLo|4 opuelQ | A03-6zad
Kehepd Rakepo
119 0ze 00% € GG 0S 005 } 0001 ISdH|IIn [ewe|b| Aejo-es-1s [ 0LLL | .G221Ld3D s AingmaN ao3
pesnyoessep -Gd14N
0.9 Gle Tad v [&43 05 005 L |000l ISdH|pues Ayis| Aejp-es-is | G°80L ¥IXZLdH s KingmaN ao3
nesnyoessely -d 14N
/19 ¥0€ 9Ly € ¥'62C 0S 0°0S L |000L ISdH|In [ewoe|B| Aejo-es-is | 0'ZLL ¥.XZlLdH s AingmaN aos3
nesnyoesse|\ -¢d19N
112 €Gl 9y 144 0.6 8v've Sz L D08 INA | pues Aepp 0278 | S§221d3D eplio|4 opuepo | @d03-¢zad
6GE GGZ 09, 19°G 06 8v've Sz L D08 INA | pues Repp 006 | bs.vl OSd eplio|4 opuepO | A03-zzad
8.G Glz 8L Tl \Z'LL 09 009 L ZLS INA - [wis Apues %ﬂmm 08, €/XyLdH | euoied's [e9)sed0s | @03-zS
ohejo
68. 09% 98g Gl'€ 610¢ 09 009 l ZLS INA - [wis Apues %ﬂmm G'18 W72 d30 euljoie) 'S [ 99)seo0s [ A03-LS
ohejo
6LG 0L 618 Gl'L 6 0S 005 L 300LU0D [pues Ais|  pues 079 | bs.9L0Sd | euosed s [yogsAN| dO3-LaN
86. viLL 6'¢ 18'9 09 009 I 0zS/0ze | pues |[pues-p-Is| 019 |[390,yZ OSd | eulosed’s | womesg | d0O3-7909
INA Jeojed
6cL zes 16C €.°0¢ 09 009 I 0zG/0ze | pues |[pues-p-Is| QL. |[390,5Z OSd | euloied’s | uomesqg | d03-6.09
INA Jeojed
vzel 00€l 7601 GLS v %9 06 006 l ooguo) | Aep pues z08 bs,0€ OA eplo|4 Auo | ao3-vzag
leang
svll 00. 886 9c'e 899G 06 006 L 0oguod | pues pues 826 bs,0€ OA epuo|4 Auo | ao3-claq
Aakepd leanQg
(sdny) | (sdny) (sdy) [ (1ldq) | (sdpy-) (y-dny) (y-diy) | ,edAL | 19pO dip I W) adA) a|id uoneso] "ON JaquinN
uonenb3y [dvMd3l[isel peo| Juno) ABiauz ABiauz I9PON | oj1q pue | JoWWeEH adA] |adA) pjosg| ydeg 90Ud19)9Y| asen-3|id
10dSM |[dVYMdVY)D| wouyy mo|g |patiaysuel] |padojaaaq| JoawweH Jowiwey |10 ljauad
)sisay pajewi}sy | uo paseg
onels ABiauz
painseapy pajey




9

17A% 1474 08¢ gc GGGl 965 Sy € 0¢-a 1 Rep Ayis 99 .G221d30 | 3N eyewQ 087 do3a-¥Nd
96% 0€e 00¢ €8°C e/l 969 6Ly € 0e-d 1 Rep Ayis [ ZvX0LdH 3N eyewQ 081l ao3-iNd
0801 geol 60¢l 6Vl 2ol 6119 109 Z z€-29a [ouoysawi||Aeo Apues| oy'cz | bs,0€ OSd epuoj4 Js1emies|d aos
Bewjaqg Ais - L£9S6V
yXa4 6.2 yee 4" 8'q 8'ec g6l Z 8-S IMIN | pues pues 0°s. K0 .71 OSd | SHOA MeN Aunod [@o3-v100
asuap suaanp
6€01 SGL 000l €9'¢ 209 Zst 8Ll Z 29a  |wis Apues| yis-p-es | gyy/ 18] Buoy buoH A aos
Bewjeq 46961 OSd -L/29a/MS L
008 625 el €98 Sl G'69 L'1S 14 902 T pues (14 bs 91 0Sd euozuy Xiusoyd | do3-LXd
30 DIN B Aejo
(974 Z8 6l¢€ 190 67l 99°¢L 9€s 4 ze-0ea | Aep yns | Aep yus 092 bs 71 0Sd s jo8foid aos
Bbewjaqg BesnyoesselN | V19N -88VML
9.9 1201 88Y €6'¢ 9.9 6’96 ¥'SL 4 €1-9¥d pueg Repp 108 A2 ,9€ OSd | V1 ‘Jeuuay abpug ao3-za1
bewjag Buin]
1444 806 (WA 74 ra’ 9C'GlL G'96 LecL 4 €1-9¥a pueg Kepp 18 A2 ,9€ OSd | V1 ‘Jeuusy abpug ao3-94d1
Bewjaqg Buin
8LS 2’69 0cy 40" veLL G'96 L'eL 4 €1-9¥a pueg Aepp Z8 bs ,0€ 0Sd | V1 Jeuusy abpug ao3-san
Bewjeq Buiin
4574 414 (14 L) Slee G'96 61, Z €l-9va pues Aepd Z8 bs ,0¢ OSd | V1 Jeuusy abpug ao3-vai
Bewjeq Buiin
99¢ ¥'09 86¢ €80 JAR T4 G'96 6°0L Z €l-9va pues Aepp S'L8 bs .7z OSd | V1 “Jeuusy abpug ao3z-edi
Bewjaqg Buin
gecl 929 oecl VX4 g'6¢C 101 €06 4 i4 pues Ayis| pues-is-fo | €°Ge bs 72 OSd [VA ‘puowyory| Jonry ao3z-Zidr
-q Bewjeg sawer
(k4 el 002 1901 Ly'9 £'6C 8'¢€C 4 GcZ-9 | lIn-is-1o | yis-es-|o ¥'8c Jsquill vL# ol U0 d 8IS | do3-9dee
6€€ 00¥y 00S S VAA 74 St g6e 4 00%-9 | NS0 | Jis-es-|o A7 bs,zl 0Sd ol U0 deis | do3-vdee
€99 919 (0)2°; e €0'ee ¥8 €69 4 €1-9¢-d pues - o bs,81 0Sd epuoj4 d dls aos-e¢is
qJeo
10S S0S 44> e clee ¥8 ¥'v9 4 €1-9¢-d pues - 144 bs,81 OSd epuoj4 H 8IS aosz-L1s
qJeo
108 0S¥y (614 S 9Ll 0L 1A% 4 Bewjpg | esusp |pues’p-s|[ €8z bs,¥z0Ssd epLo| SHIUM | AO3-90OM
656 608 0L9 €e'6 Sl 0L 998 4 Bewjeq | esusp |pues’p-s|| ¢€/z bs,720Sd epuo|4 SlUM | AOI-EOM
8621 299 ¥.01 197 90°L¢ geslL 444! 4 22-29-a |pues Ayis| pues Ayjis €L bs,9¢ 0Sd eweqely G9lL-l ao3-sv4
2s. 1474 €LL Zv9 90'6l 8'C6 0vL 4 G-M  |pues Ayis| pues Ayis S/ bs, ¥z 0Sd eweqely G9lL-l ao3-vv4
89 (0] 2% 719 €8¢ 6.°2C 86 9LL 4 Gr-M  |pues Ayis| pues Ayis ¥9 bs,z 0Sd eweqely SOl ao3-¢ev4d
129 144 Ges e ccle 8'C6 A 4 Gy-M  |pues Ayis| pues Ayis 72 bs,81 0Sd eweqely G9lL-l ao3z-ev4d
29 S0C Sve gl €G’LL 8'C6 8'69 4 G-M  |pues Ayis| pues Ayis ¥9 bs,81 0Sd eweqely G9lL-l ao3z-\v4d
(sdy) | (sdiy) (sdy) | (1ag) | (sdpy-n) (y-dny) (y-diy) | ,edAL | 19pO dip apis W) adAy ajid uoneso] ‘ON JaquinN
uonenby |d¥Md3L[isaL peo| Juno) ABiauz ABiauz ISPOIN | oj1q pue | owweH | adAl |adAL jlos| yidaq 9oUdI9)9Y| ased-9|ld
10dSM |dVMdVYI| wouy mo|g |passaysues] |padojanaq | JowweH JowweH llos Jpuad
}sisay pajewnys3 [uo paseg
onels ABiauz
painseapy pajey




09LL 809 19/ €69 vl S'69 YAVAS} € a0, pues pues 44 W1 430 euoziy xiusoyd | Ao3-vXd
30 DIN | Aekejo 2 Aep
8€6 ¥6S 6€CL 9'G¢e 6'8 69 SvS € 40, 9|9q09 pues 0S LLIXYLdH euoziy xiusoyd | Qo3-eXd
30 DN | -IB-es 2 Aep
80% 8y Sly 8¢ 116 9¢e L'ze € cl-a 3d0l pues [A14 €GXZlL dH oleluo d 8IS aos
-XGddl
19 S.S 0.5 [44 61°GL 9'0% 6°9¢ € ¢c-a 3d0l pues YATA ¥.X2L dH oleluo d98)S |a03-¢z3dL
98¢ [A%4 0S€ 0€ 8.6 9'ec 8'Le € cl-a n pues 102 ¥.X2lL dH oleluo d8ls |a03-zeadl
€8/ 062 067 6¢ ¥8'¢¢ 14 A4 € 00v-a |pues Ayis| wis-es-p | z'Z0L WG2°2L dO OolEeluO d 8IS | do3-¢dee
89 6EY 008 cl 19'2¢ St ¥'6¢e € 00t-9 |[pues Ayis| wis-es-p | pyLL ¥.X2lL dH ol U0 dois | do3-Ldee
062 [44°} L1y 19 6¢'L¢C L'€L 029 € c¢e-0ed n Rep-es-is | €79 4629’6 4O epeued eMEJO | dO3-2943
9651 60L1 0901 '8 /L1°SS sel 8'GLlL € gzZHN | Aep-is [ Aepp-pues| gL .9€ d30 308N 110D SMN |d03-¢2979
YAZA" [414" 0¥l £8'Y 2909 Gcl 12°€0L € §6-d pues | pues.op | GZG .87 430 |9els| 8Ioysyo | Ao3-v/eL
1545 Sl 861 JASWA 6671 gclL €901 € S6-a pues | pues .o | 8¢S .09 d30 |oeJs| aIoysyo | ao3a-v/ilL
619 oLy €9 e€e'le A4 14 8'0% € 00v-9 es-Is | Aejo-es-1s | ¢'¥G| .96 430 O 'S0 71-0¥US | AO3-LVO
e ole yxa4 A 9, 9¢e L6l € Zi-a >_>Lm InB Apues| g€z 9QqNjoUoN ‘uusd ebor | ao3-sd4
pues
LLL 661 cle 19¢C 86°0l (14 89l € aGe-IMN | 19neIB  |pues p-yis 06 €LXyLdH juouis raM ao3-oilA4
pues
002 761 Sle Ly ol (14 el € aGe-IMN | 19 IB [pues p-yis S/ €LXyLdH juouis raM ao3-Sin4
pues
6971 G.¢ 9/¢ 19°¢ 10°8l S'Ls 0cy € GZ-OM pues pues §'9¢ .G2'21d30 Opelojoy 30010 ao3-¢od
297 0L2 ove e L¥'Sl S'Ls 6'Ly € GZ-OM pues pues g'ee WG2°21d30 opeJojo) 30010 ao3-1o4
cLS €ce ove €e’l €'ee 8'¢6 [AYA € S 10§ .8l 430 sule\ g9ls | do3-eZnNd
689 ey VA 44 vl S'6¢ 8'¢6 S'LL € S M 1 1 L. .81 d30 sule a9)is | do3a-LLNA
99 Iive 0y 62’1 Vx4 8'¢6 LLL € St pues E\_ﬂmw 66 .81 d30 suleiy LA ao3-snd
3 ABID
6GS1 996 0Z8 1991 79l oLL €86 € olL3aa pues |[Aep-is-es| /€9 LLIXpLdH ewoyepO | Z-swip | Aao3-c0d
Kokepp
121413 96¥ 1G9 19§ 80'8l oLL 126 € 0LL3a [pues Ayis| pues Ais | 209 .92 d30 ewoyeP o Ll-Sswip | ao3z-1o04
SvS LG 0S9 €8'G 14°4 G'lS ey € GZA pues >vﬂmw L'¥6 W71 d30 emo| L 8IS ao3-gid
akepo
12514 19¢ 0€6 €e'e 8e'¢ee S'Ls 8Ly € GZM pues pues L'yl 68X¥LdH emo| L 8IS ao3-vid
Aakepd
(sdny) | (sdny) (sdy) [ (1ldq) | (sdpy-) (y-dny) (y-diy) | ,edAL | 19pO dip I W) adA) a|id uoneso] "ON JaquinN
uonenb3y [dvMd3l[isel peo| Juno) ABiauz ABiauz I9PON | oj1q pue | JoWWeEH adA] |adA) pjosg| ydeg 90Ud19)9Y| asen-3|id
10dSM |dVMdVYI| wouy mo|g |passaysues] |padojanaq | JowweH Jowwey |10s Jjouad
}sisay pajewi}s3 |uo paseg
onels ABiauz
painseapy pajey




8

8¢S 1474 (0474 44 €1'8¢C 9¢CL 1’19 14 001321 1 JCTRRT 18 W1 d30 VI uoysog | 's|lesg | d03-SZZ9
98¢ L€ 06¢€ Ll L6'GL 9’0t g'6e 14 0¥9-30I | lIn-es-Is | pues-jjis €6 W8€°€Ld30 Iy "A0ld OIAID | A03-9979
Sty AR 0ce 0c 166 9'0¥% 7'9¢ 14 0¥9-30I |H1s-es-16| pues-yis 90l .8€°€Ld3aD I "A0ld OINID aos
-¢dg979
1474 ey 0€s (114 1911 9'0% 7'9¢ 14 0%9-30lI s pues-jjis 5’66 .0l 430 I "A0ld OIAID aos
-084979
154 Slc 9ce Sl v'el 90 09¢ 1% 0¥9-30I |is-es-16| pues-yis 9G1 .G.'6 430 Iy "A0ld OIAID | AO3-9VZO
8c¢ €6¢ 96¢ 9 9e’ L1 9'0% L've 14 079-3DI | 8leys-||} | pues-jjis 8'¢6 .G2°6 430 Id "A0ld OIND | AO3-SVZO
Sty S9o¢ 08t (114 4%°)" 9'0% ¥'9¢ 14 0¥9-301 |His-es-16| pues-jis | GGzl W8€°€Ld30 I "A0ld OIND | AO3-EVZO
66¢ 88¢ S9v ggee L€'8 €'9¢ L'€T 14 0zg-g1 | osusp | Aep yos L've bs,7108d Ayonusyy 123 do3a-oMm4
102 81 091 A 99'LL 9'0% A4S 14 0¥9-30lI pues [oneif 19 W71 430 Hnossipy SLL 1Y | AO3-CINA
-pues
S9¢ G8¢ oLe € Ll 9'0¥% L'€e 14 0¥9-30lI pues [oneif €8 W71 430 Hnossipy SLL 1Y | AO3-LINA
-pues
10L e 0)73 €8’ 62'8¢ 06 ¥'8. 9 S06-301 | Aeoyey | Aejo-1s-es 96 €LXyLdH ejossuulp 8l 1 | dO3-ZNN4
119 16¢€ €06 T 09¢S 00°€Ll ¥'98 € 2e-9va Aepp  [Rep Apues| 0°09 W2 d30 VO ‘puepeo | ¥eNS |dO3-MyAO
bewjeg | Apues
Ais
8.y L0€ 0)73 Sl 0€'8¢ 99°¢l 6'99 € ¢e-0ed Rep  |Rep Apues| 0709 W2 d30 VO ‘puepeQ | ¥ e8NS | A03-1L¥AO
Bewjoqg | Apues
Ais
GGS €le 789 /91°¢ 09'6¢C 99°¢. 2'8S € 2e-0ed Aepd Rep Ayis 09S W¥Z 430 VO ‘puepeQ | v eNS |AO3-d¥dO
Bewjeq | Apues
Ayis
€96 Y05 656 Lyl 06'99 Zsl LLLL € ¢¢-29d Kep  |Aep Apues| 09 W2 430 VO ‘PuepeQ | veus | do3-1ao
Bewjeq | Apues
Ayis
8. ze veL /160 06°G9 Zsl L'yl € Zz-29a | JB-1s-es | Aepyns | G001 «¥ d30 VO ‘puepeQ | €8NS |dO3-HEAO
bewjag | /m Aep
cecol /18 Sv. 8G'¢ 09'9S ooctL 0'¢6 € ze-9vya | Aepy |[pueshys| o'Ge W¥Z 430 VO ‘puepeQ | Z@NS |Q03-12ao
Bewjaq |pues Ayis
8. 0S¢ GG9 /160 09'€s Zsl L'yl € 2c¢29d Aep | puesAys| o0v WZW2d30 | VO 'puepeo | ZeNs |do3-dedo
Bewjeq | Apues
Ayis
2eol 98/ 1691 199°L 06°0L Zsl €8lLl € 2c29d pues |[puesfys| g/z W2 430 VO ‘puepeo L ®s | ao3-riao
Bewjpqg | AeAkejo
Ayis
6971 1601 Lol 8E Y ¥0°29 Zsl £qcl € Z9a |wis Apues| jis-o-es | v¥°/6 | (0ZIXZLdH | Buoy BuoH € 8ls aos
Bewjag -¢/29a/MSL
(sdny) | (sdny) (sdy) [ (1ldq) | (sdpy-) (y-dny) (y-diy) | ,edAL | 19pO dip I W) adA) a|id uoneso] "ON JaquinN
uonenb3y [dvMd3l[isel peo| Juno) ABiauz ABiauz I9PON | oj1q pue | JoWWeEH adA] |adA) pjosg| ydeg 90Ud19)9Y| asen-3|id
10dSM |dVMdVYI| wouy mo|g |passaysues] |padojanaq | JowweH JowweH |10s Jjouad
}sisay pajewi}s3 |uo paseg
onels ABiauz
painseapy pajey




901 8.6 G0l 1S9 0Z'¥9 18 1'8. S BAHH  [wis Apues| jjis-jo-es ¢0ZIXZLdH | Buoy BuoH [ ¢ ens yog-z
uepunr /BMHH/MS L
vzel 1601 1201 GG L1 16°.S 18 1’8 S 6AHH  [wis Apues| jjis-jo-es Ao Buoy buoH | Zeus dog-|
uepunr .69'61 OSd /BMHH/MS L
926 L6 G501 €9°¢ 762 18 1'8L S 6AHH  [Mis Apues| jjis-|o-es .87 d30 Buoy buoH RIS ao3-z
uepunr /BMHH/MS L
G¥6 168 1201 16°€ 7119 18 1’8 S 6AHH  [Mis Apues| yjis-jo-es .09 d30 Buoy buoH Z s aoa-
uepunr /BMHH/MS L
GGE 1GE 8 V2L 9'0v 1'Ge v 0¥9 301 | ws® |[Aep-is-es| 0¢€9 | bs.yl OSd s pueis| [@o3-1zzid
pues auly pesnyoesse\ | J1oaQ
89¢ Sve S92z 116 181 9'0v €6¢ v 0¥9-301 | pues pues Tl bs,8108d eplo|4 Buio pod | d03-610d
asuap
08t 19G 00S 8z szl 9'0¥ 6'9¢ v 0¥9-30I [euoishep|  ys . L've ¥/XZLdH vd "ubd oIS |ao3-SLydo
-pus-jA
8€g 25 06€ 8y 179l 9'0¥ 1'1€ v 0¥9-30I [ouoishep|  ys 5 IR 1GX0LdH vd "ubd vous |ao3-viydD
-pus-jA
¥€e 8zy 00€ 6¢ 106 €9z e 1 0zG-g71 |euoishep|  ys 5 9ve 1GX0LdH vd "ubd vous |ao3-€Lydo
-pus-jA
¥€€ GGY zie 6¢ 6v'8 €9z e v 0zG-971 |euoishep|  ys 5 9'ee ¥/XZLdH vd "ubd v oIS [ao3-Civ49
-pus-jA
682 oy oee 0z G0°0l €9z 9'€z v 0zG-971 |euoished _wm G'le 1GX0LdH vd "ubd ¢ols |ao3-€Ledo
-|AB-pus
z82 SoY oL 8l 989 €9z g'ee v 0zs-91 | °leus 1us sz ¥/XZLdH vd "ubd ¢oUs [ao3-ziedo
-|nB-pus
e 6Ly €9b S [k 9'0v v'ye 2 0¥9-30I s s 962 8QqNJOUO vd "ubd ZoUS |ao3-vzz49
-pus-|AB | -pus-|ab
Sy ZLS 045 0z 99l 9'0¥ ¥'9¢ v 0¥9-301 | ®leus s . 1’19 v/XZLdH vd "ubd ZoeUsS |a03-zzzd9
-pus-jA
zve 1Y 0SS a4 9L0l €9z e v 0zs-91 | oleus s . L6Y ¥/XZLdH vd "ubd L 8IS |@03-0LL49
-pus-jA
682 86¢ 16€ 0z ¥'6 €9z 9'€e v 0zG-g1 | oleus s 5 G6Y ZvX0LdH vd "ubd L8NS | ao3-6L49
-pus-jA
vLL 0zs 099 9zl ¥9'v€ 9¢. 6'€9 v 00132l Rep-|iy 69 W71 d30 VIN uoisog | ‘s|1ee@ [d03-21dzO
996 6T 98¢ €g cLol 9. 1’19 12 001321 Rep-|in G'95 RRES) VN uoisog | ‘s|Jee@ [d03-11dzo
9GG S0€ ozy S 89°'GZ 9. 9’19 v 0201321 Rep-|n 509 RRER) VI uoisog | ‘s|Jee@ |d03-vidzo
GG9 192 099 6 18°6Z 9. 0€9 v 00132l Rep-|iy €8 W71 d30 VN uojsog | ‘s|1ea@ | d03-¢1zo
69G z6v 06 &) G0'¥e 92/ 8’19 v 00132l 1 Kep-|in 08 RAE) VIN uoisog | 's|JeeQg aos3
-G00Z9
829 502 98y Y K4 92 1’19 2 00132l I Rep-|iy ¥S ROEER) VI uoisog | ‘s|Jee@ |[d03-S0Z9
(sdy) | (sdiy) (sdy) | (1ag) | (sdpy-n) (y-dny) (y-diy) | ,edAL | 19pO dip I W) adA) a|id uoneso] "ON JaquinN
uonenb3y [dvMd3l[isel peo| Juno) ABiauz ABiauz I9PON | oj1q pue | JoWWeEH adA] |adA) pjosg| ydeg 90Ud19)9Y| asen-3|id
10dSM |[dVYMdVY)D| wouyy mo|g |patiaysuel] |padojaaaq| JoawweH Jowiwey |10 ljauad
)sisay pajewi}sy | uo paseg
onels ABiauz
painseapy pajey




01

‘sowwey doip = 9

SIoWWeY OINBIPAY = G

SIOWIWIRY [9SAIP PIPUS PISO[d =

so11d 19931 M SIdWRY [SAIP popud uddo = ¢

so[1d 1oquur) IO 939I0U0D YIIM SISWIUIRY [9SIIP popus uado = g
sonid [[e yIm SIQWWey Wed)s/Ie = |

:SMO[[0J Sk aIe suoneurquod ad4) orrd/1ourue

ove 06€ 1€2 Gl €8¢ 0’8y 8y 9 dipuig  [pues Ayis| Aeo 1s-es «€2°11d30 | uisuodsipg | sy seuor [ Td0d
-€OHO
z8¢2 Gee viz v'e €8¢ 0’8y 8y 9 dipuig  [pues Ayis| Aeo 1s-es bs,/'6 0Sd | uisuoosipy | 'spsauor | €dOd
-€aHO
Ly 68Y 08t Ll vrLe s s 9 doipygty | pues | pues-||iy bs,,'60Sd | WO AN VoS |[zd09-SvD
ave 962 822 €Ty G9'Gl 08z €082 S OHI pues | pues-Aefo bs,/'6 0Sd pue|joH Wea qy08-sa
10€ 961 44 9/¢C GGYlL 08z €08z S OHI pues | pues-Aefo ¢0ZLXZLdH puejoH Wiea gqy08-€a
Lee Yl vzl 8G'¢c o' 08z €08z S OHI Rep | pues-Aep 15 puejoH wiea 1408-2a
46961 0Sd
(sdny) | (sdny) (sdy) [ (1ldq) | (sdpy-) (y-dny) (y-diy) | ,edAL | 19pO dip apis W) adA) a|id uopeso] ‘ON JaquinN
uonenb3y [dvMd3l[isel peo| Juno) ABiauz ABiauz I9PON | oj1q pue | JoWWeEH adA] |adA) pjosg| ydeg 90Ud19)9Y| asen-3|id
10dSM |[dVYMdVY)D| wouyy mo|g |patiaysuel] |padojaaaq| JoawweH Jowiwey |10 ljauad
)sisay pajewi}sy | uo paseg
onels ABiauz
painseapy pajey




DATABASE ANALYSIS AND WSDOT PILE DRIVING FORMULA
DEVELOPMENT

The observed stroke for the single-acting diesel and the double-acting hammers was not
reported in the available database (see Table 1). Using the rated energy in the WSDOT formula
(and other driving formulae as well) would result in a higher predicted nominal driving
resistance than would typically be the case in practice, since in practice the developed energy
would normally be used, at least for those hammer types in which the stroke is affected by the
driving resistance. This could cause the calibration of the WSDOT driving formula (i.e., the
determination of the resistance factor ¢ to be used discussed later in this report) to be overly
conservative relative to practice in the field. Therefore, the likely observed stroke for these types
of hammers had to be estimated so that the developed energy could be calculated for each case
history in the database.

Because the wave equation produces an estimate of the driving resistance—stroke
relationship, the wave equation (GRLWEAP 2003) was used to make this estimate.
Combinations of hammer model (Delmag, Kobe, and MKT open-ended diesel, and ICE closed
and open-ended diesel)}—with rated energies ranging from 40 to 150 ft-kips, pile length ranging
from 60 to 120 ft, and pile types including steel pipe and precast concrete—were used to assess
the stroke—driving resistance relationship. An upper bound approach, which included increasing
the stroke predicted by the wave equation by 1 ft and also establishing the stroke—driving
resistance relationship near the upper end of the plotted wave equation results, was used to
establish this relationship to make sure that the calibration remained conservative. Examples of
these results are provided in figures 1 and 2. The stroke ratio in the figure is defined as the
predicted stroke divided by the maximum possible stroke for the hammer. This stroke ratio
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multiplied by the rated energy for the hammer would be approximately equal to the developed

energy for the hammer.

¢ Delmag and
Kobe
Hammers

=  |CE Hammers

o Delmag and
Kobe, short
piles

Stroke Ratio

e MKT
Hammers, long
piles

0.65N"0.06

- - - - 0.77N"0.04

0 50 100 150 200 250 300 350 400
Driving Resistance, N (bpf)

Figure 1. Stroke—driving resistance relationship for open-ended diesel hammers and steel piles
based on wave equation predictions.
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1
S . " ¢  Delmag
09 = Hammers
0
l’-
0.8 - W
w o
* o * .
0.7 ozw“ ¢ =  ICE Hammers
?"‘ e
° 0.6 *L‘
& S
—% 0.5 7% o Delmag with
3 Nylon Cushion
0.4
0.3
—0.67N”0.04
0.2
0.1 1
0 : : : - - = - 0.77N"0.04
0 100 200 300 400

Driving Resistance, N (bpf)

Figure 2. Stroke—driving resistance relationship for open-ended diesel hammers and concrete
piles based on wave equation predictions.

Estimating the “actual” stroke in this way does introduce some uncertainties. The
conservative approach taken to estimate the ‘“actual” stroke using the wave equation should
offset these uncertainties. However, the nominal pile bearing resistances have been estimated by
using both the estimated developed energy and the rated energy, and compared to the measured
pile bearing resistances.

The data provided in Table 1 were arranged by hammer and pile type to facilitate
development of F; for the WSDOT driving formula. From this database, the average measured
transfer efficiency, as defined above, for the various combinations of hammer type and pile type

are summarized in Table 2.
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Table 2. Average transfer efficiencies for various hammer and pile type combinations.

Average Measured
Transfer Efficiency “F” Used in WSDOT
Hammer and Pile Type (relative to Developed F s Used for WSDOT | Driving Formula, per
Combination Energy) Driving Formula WSDOT Standard
Specifications Section
6-05.3(12)
(F=6.6 x F4/2)
Air/Steam hammers, all piles 0.49 0.55 1.8
Open ended diesel hammers 0.30 0.37 1.2
with concrete or timber piles
Open ended diesel hammers 0.48 0.47 1.6
with steel piles
Closed ended diesel hammers 0.41 0.35 1.2

While an attempt was made to have F,; be approximately equal to the transfer efficiency
as defined above, this was not fully achievable while also ensuring that the average ratio of the
measured to predicted values of pile bearing resistance for each hammer and pile type
combination be as close to 1.0 as possible. Therefore, the average measured values of transfer
efficiency were used only as a starting point. The values of F,y and “F” used in the final
WSDOT driving formula that provided the best prediction of pile bearing resistance relative to
the measured pile load test bearing resistance values for each case history are also provided in
Table 2. The values of F,;are within 0.07 of the average measured transfer efficiency.

Note that the data for hydraulic and drop hammers are not provided in Table 2 (they are
provided in Table 1, however). As can be observed from Table 1, the available data for these
two types of hammers are extremely limited, and most of the data are for beginning of redrive
(BOR) conditions. However, these very limited data appear to indicate that “F” should be
approximately 1.9 for hydraulic hammers (/.= 0.58) and approximately 0.9 for drop hammers
(Fer = 0.28) to provide a reasonable bearing resistance prediction, given that the N values (i.e.,

driving resistance) reflect that some soil setup has already taken place.
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For the purpose of comparison, pile resistance predictions were also generated using
Engineering News Record (ENR) and FHWA Gates formulae. The ENR formula was originally
developed as an allowable stress design method, and contained within the formula a factor of

safety of 6 (Peck, et al., 1974). The ENR equation as reported by Peck, et al. is specifically as

follows:
w.,.H
a= m 3)
where: R, = allowable (working) pile resistance measured during driving
Wy = weight of the hammer ram, expressed in the same units as R,
H = height of fall of the ram (i.e., its stroke), expressed in the same units as s
and C
s = pile permanent set, (IN)
C = energy loss per hammer blow, (0.1 IN for all hammers except drop
hammers, and 1.0 IN for drop hammers)
FS = factor of safety, recommended as 6.0.

Note that WyH = E, the developed hammer energy as defined previously.

For load and resistance factor design (LRFD), built in safety factors must be removed so

that a nominal resistance is calculated. Therefore, if the safety factor is removed,

w.H

R, =—" (4)
(s+0C)

where: R, = nominal pile resistance measured during driving.
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The FHWA attempted to modify the original Gates Formula to address deficiencies in its

prediction accuracy. The FHWA Gates formula is as follows (Hannigan, et al., 1997):

R, =1.75,[E log,,(10N)-100 (5)
where: R, = nominal pile resistance measured during pile driving (kips)
E = developed hammer energy. This is the kinetic energy in the ram at impact

for a given blow. If ram velocity is not measured, it may be assumed
equal to the potential energy of the ram at the height of the stroke, taken as

the ram weight times the stroke (FT-LBS)

N = Number of hammer blows for 1 IN of pile permanent set (Blows/IN)

Plots of predicted versus measured pile nominal resistances using the WSDOT, FHWA
Modified Gates, and ENR formulae are provided in figures 3 through 7. The plots are shown for
predictions using the developed hammer energy and predictions using the rated hammer energy.
For the various combinations of hammer and pile type, the WSDOT formula provides a better
visual match of measured to predicted values than the FHWA Modified Gates and the ENR
formulae. Note that the FHWA Modified Gates formula tends to over-predict bearing resistance
for all diesel hammers at bearing resistances of less than 700 kips and significantly under-
predicts resistance for all diesel hammers at resistances of 1000 kips or more. However, for
steam hammers, the FHWA Modified Gates formula consistently under-predicts bearing
resistance at all values of bearing resistance.

As shown in Figure 7, the ENR formula significantly over-predicts bearing resistance in
most cases, and the degree of scatter in the data is visually greater than is the case for the

WSDOT and FHWA Modified gates formulae. Note that to keep the axis in Figure 7 the same
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as for the four previous figures, a significant number of data in which the predicted resistance
was greater than 3000 kips are not shown. Also note that because the ENR formula was derived
as an allowable stress design method, a factor of safety of 6.0 was built into the formula. The
factor of safety was removed from the ENR formula to produce the plot of nominal resistance in
Figure 7.

When the plots in which developed energy is used to estimate the pile bearing resistance
are compared to the plots in which rated energy is used to estimate pile bearing resistance, it
appears that the bearing resistance prediction is less conservative and the scatter is slightly
greater, though the differences are minimal.

Figures 3 and 4 suggest that the WSDOT driving formula remains reasonably accurate up
to nominal bearing resistances of approximately 1200 kips. For diesel hammers, it is possible
that this limit could be stretched up to approximately 1500 kips, although the available data

become rather sparse at this high a bearing resistance.
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3000
2 ] ¢ Steam hammers
te) ]
§ 2500 E .
8 i
7 - = OE Diesel, with
R~ 2000 7 A @ concrete or
E ] At N timber piles
£ 1500 -
2 ] A - R 4 OE Diesel, with
3 . = A% . steel piles
5 ]
S0 e A
o 1 AR o o
i ] L8 X CE Diesel
o 500 A o, hammers
o ) X,V R, = 6.6 F ;4 E In(10N)
1 ¢
B O rvrJ1i7J+7Jl7irrrrvro.r rvr o rr9rmrorVrrr9r/Vmr 0V 10171
0 500 1000 1500 2000 2500 3000

Measured Pile Bearing Resistance from Pile Load Test (kips)
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The WSDOT pile driving formula, as well as other pile driving formulae, was calibrated
to N values obtained at the end of driving (EOD). Because the pile nominal resistance obtained
from pile load tests is typically obtained days, if not weeks, after the pile has been driven, the
gain in pile resistance that typically occurs with time (i.e., soil setup) is, in effect, correlated to
the EOD N value through the driving formula. That is, the driving formula assumes that an
“average” amount of setup will occur after EOD when the pile nominal resistance is determined
from the formula. On the basis of the available database (the EOD data in Table 1 and BOR data
from Paikowsky et al. 2004), and utilizing the available CAPWAP/TEPWAP data obtained at
EOD and at BOR for specific sites, the average amount of pile resistance setup inherent in the
WSDOT pile driving formula prediction is approximately 30 to 70 percent. The observed setup

based on EOD and BOR data pairs at the available sites in the database is summarized for
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various database subgroups in Table 3. Note that five of the sites reported in the database had an
unusual amount of setup, most likely because of high plasticity clay along the sides of the pile.
These five sites were excluded from some of the groupings so that a truer average could be
obtained for the overall grouping.

Soil setup was also estimated by using the driving resistance N and the WSDOT pile
driving formula. Note that the driving formula did not indicate as much setup as did the
CAPWAP/TEPWAP measurements, indicating that increased driving resistance is not the only

contributor to the indication of soil setup.

Table 3. Soil setup observed for the case histories reported by Paikowsky et al. (2004).

Setup Factor Based on Setup Factor Based on
CAPWAP/TEPWAP Driving Resistance, N, Using
Measurements (BOR WSDOT Formula (BOR
Database Subgroup Resistance/EOD Resistance/EOD Resistance)
Resistance)

Side resistance derived in general from sands, 1.30 1.11

silty sands, or tills

Side resistance derived in general from sandy 1.72 1.43

silts and clays

Side resistance derived in general from high 6.29 2.03

plasticity soft to medium clays

All concrete and timber piles, excluding high 1.64 1.26

plasticity clay sites (5 sites)

All steel piles (no high plasticity clay sites) 1.45 1.28

All steam hammer data (no high plasticity clay 1.84 1.44

sites)

All open ended diesel hammer/steel pile data (no 1.30 1.22

high plasticity clay sites)

All open ended diesel hammer/concrete pile 1.42 1.11

data, excluding high plasticity clay sites (5 sites)

All Closed ended diesel hammer (no high 1.11 1.09

plasticity clay sites) — note data where a direct

comparison between EOD and BOR resistance

were very limited for this category

An additional check on the development of the WSDOT pile driving formula was

conducted. Because the Wave Equation is typically used to assess the acceptability of the
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contractor’s pile-hammer system for piles with nominal resistances of 300 tons or more per the
WSDOT Standard Specifications (2004), the WSDOT driving formula should produce a final
driving criterion that is consistent with the pile drivability analysis conducted to approve the
hammer system for the project using the Wave Equation. With regard to the relationship
between hammer acceptance and the driving criteria, the following two scenarios would be

undesirable:

e To allow the contractor to use a hammer that would not be capable of driving the pile to
the bearing determined by the WSDOT driving formula, and
e To force the contractor to select an overly robust pile-hammer system that would result in

a very low driving resistance to obtain the bearing determined by the WSDOT formula.

When the wave equation is used to approve the contractor’s pile-hammer system, it is
preferable that dynamic measurements with signal matching be used to develop the pile
resistance acceptance criteria. However, this is not always practical in terms of cost or potential
time delays, especially for smaller projects. Therefore, in many cases, the driving formula would
still need to be used.

It must first be recognized that the Wave Equation is a theoretical approach to estimating
pile resistance and drivability and has not been empirically adjusted to full-scale pile load test
results. Because of this, the Wave Equation does not inherently account for soil setup. The
Wave Equation must be run for the selected hammer/pile combination, and then the nominal
resistance values that correspond to the driving resistance values (N) output by the wave equation

must be increased by the estimated setup factor “after-the-fact.” Because of this, it is unrealistic
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to expect that the WSDOT driving formula will closely match the Wave Equation results for the
same size hammer. The wave equation can also take into account many variables that a driving
formula is simply incapable of directly addressing. All that can be hoped for is that overall, the
WSDOT driving formula will provide an approximate match to the Wave Equation results for
the same size hammer, once soil setup is taken into account.

To this end, Wave Equation analyses were conducted with GRLWEAP (1996) and
compared to the bearing resistance predicted by the WSDOT driving formula. For the Wave
Equation analyses, a range of situations regarding the pile length (60 to 120 ft), diameter (12 to
24 inches), cross-sectional area (0.250- to 0.438-inch pipe pile walls), and skin friction
distribution (triangular, 20 to 80 percent of the resistance) were used for each hammer evaluated.
Steel piles were primarily evaluated, since steel piles are by far the most common in WSDOT
practice. The standard input as described in the WSDOT Standard Specifications for
Construction (2004), Section 6-05.3(9)A, was used for these analyses, as well as the standard
hammer input and standard soil quake and damping parameters recommended by the program.

Sample results are shown in figures 8 through 10. In each figure, “least conservative” in
the Wave Equation analyses refers to 18-in. diameter, 60-ft length, 0.438-in. wall, 80 percent
skin friction, and steel pipe piles, and “most conservative” refers to 18-in. diameter, 120-ft
length, 0.375-in. wall, 20 percent skin friction, and steel pipe piles. A setup factor of 1.3 was
used in all the Wave Equation analyses, which is representative of a silty sand typical in
Washington for pile foundation situations.

On the basis of these figures and similar analyses that were conducted, the WSDOT
driving formula tends to be a little less conservative than the wave equation regarding the driving

resistance, N, needed to obtain a given nominal bearing resistance, R,. However, only a nominal
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amount of soil setup was applied to the wave equation results. Had a soil setup factor of 1.5
been used, which would have been more consistent with the database used to derive the WSDOT
formula, the WSDOT driving formula would have been more conservative than the wave
equation results. This highlights the point that assumptions regarding soil setup are critical to a
comparison between a driving formula and the Wave Equation. If the Wave Equation is used for
hammer approval, but the WSDOT driving formula is specified for pile bearing verification, the
contractor should expect that the hammer could be oversized to drive the pile to the specified
bearing resistance, if soil setup is not considered in the Wave Equation analysis. From a
geotechnical design standpoint, this situation is more desirable than the case in which the
hammer pile system is undersized to achieve the desired bearing resistance and maximum

anticipated driving resistance to reach the minimum penetration specified.
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Figure 8. Comparison of Wave Equation and WSDOT driving formula for 18-inch diameter
steel piles using a steam hammer with a rated energy of 25 ft-tons.
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Figure 10. Comparison of Wave Equation and WSDOT driving formula for 18-inch diameter
steel piles using a closed ended diesel hammer with a rated energy of 36 ft-tons.

If soil setup (or relaxation) is an issue or highly uncertain, or if relatively high nominal
resistance piles are needed (i.e., nominal values of greater than 1200 kips), dynamic
measurements with signal matching analysis should be conducted. Based on the data provided in
Table 1, plots of predicted versus measured pile nominal resistances, when dynamic
measurements with signal matching analysis (e.g., CAPWAP) are used to estimate pile bearing

resistance, are provided in figures 11 through 13.
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Figure 12. Predicted nominal versus measured pile bearing resistance for CAPWAP/TEPWAP

results at BOR (the data used to produce this figure are in Paikowsky et al.
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produce this figure are in Paikowsky et al. 2004).

As can be observed from these figures, the CAPWAP/TEPWAP method provides an
overly conservative estimate of the pile bearing resistance if the analysis is conducted at EOD
conditions. This approach is still consistently conservative if it is used at BOR conditions, but it
is most accurate if it is used to estimate resistance at BOR when the driving resistance, N, is 8
blows/inch or less. Since this method has no built-in soil setup, this method works best if the
pile is allowed to set up before a final bearing resistance is determined. Therefore, it is

recommended that this method be used primarily at BOR, unless it is known that soil setup (as

well as relaxation) will not be an issue.
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STATISTICAL ANALYSIS AND LRFD CALIBRATION

A key aspect of Load and Resistance Factor (LRFD) foundation design is the selection of
load and resistance factors to account for uncertainty in the design. The uncertainty in the
driving formula, or other pile bearing resistance verification method, must be taken into account
during foundation design, as the uncertainty in the pile bearing resistance verification method
controls the pile foundation design reliability (Allen, 2005). Reliability theory can be used to
calibrate load and resistance factors so that a consistent level of reliability is obtained. A
complete description of the calibration process for estimating load and resistance factors using
reliability theory is provided by Allen et al. (in press). Furthermore, important background
regarding the development of the current resistance factors for foundation design is provided by
Allen (2005).

Using the procedures provided by Allen et al. (in press) and the database provided in
Table 1, a statistical analysis of the ratio of measured to predicted bearing resistance values (i.e.,
the bias) was conducted. To characterize the pile bearing resistance data, the bias (X) values
were plotted against the inverse of the standard normal cumulative distribution function, CDF
(i.e., the standard normal variable or variate, or z), for each data point. This was accomplished
by sorting the bias values in the data set from lowest to highest, calculating the probability

associated with each bias value in the cumulative distribution as i/(n +1), and then calculating z

in Excel as:
z=NORMSINV(i/(n +1)) (6)
where: i = the rank of each data point as sorted, and

30



n = the total number of points in the data set.

Standard normal variable plots were used to determine the pile bearing resistance CDFs
and their characteristics. This type of plot is essentially the equivalent of plotting the bias values
on normal probability paper. An important property of a CDF plot is that data that are normally
distributed plot as a straight line with a slope equal to 1/o, where o is the standard deviation, and
the horizontal (bias) axis intercept is equal to the mean, 4. However, lognormally distributed
data plot as a curve. Note that a lognormally distributed dataset can be made to plot as a straight
line by plotting the natural logarithm of each data point.

Figures 14 and 15 provide the CDFs for the WSDOT formula based on developed and
rated energy, respectively. These two figures show that the theoretical lognormal CDFs for these

datasets provide a much better fit than do the theoretical normal CDFs.
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Figure 14. CDF for WSDOT pile driving formula bearing resistance bias values, in which the
estimated developed hammer energy is used to predict nominal pile bearing resistance.
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Figure 15. CDF for WSDOT pile driving formula bearing resistance bias values, in which the
rated hammer energy is used to predict nominal pile bearing resistance.

For resistance factor calibration purposes, when reliability theory is used, the lower tail of
the resistance CDF is critical to the accuracy of the calibration. The upper tail really has no
influence on the end result of the calibration. The opposite is true of the load CDF, primarily
because, by design, the resistance is made to be greater than the load to provide a safe design.
Also note that for the lower tail, CDFs that are located to the left of the data points in the tail
region are more conservative for reliability analysis than a CDF that fits exactly on the data in
the tail. Again, for the load distribution, the opposite is true, in that CDFs located to the right of
the actual data are more conservative for reliability analysis.

Basic load and resistance factor design (LRFD) is summarized in Equation 7:
>7.0,<0R %
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where: ¥ = a load factor applicable to a specific load type, On;; the summation of
7%0On; terms is the total factored load for the load group applicable to the
limit state being considered;
Q = the resistance factor; and
R, = the nominal unfactored (design) resistance available (either ultimate or the

resistance available at a given deformation).

Equation 7 is the design equation, but it can serve as the basis for the development of a
limit state equation that can be used for calibration purposes. If there is only one load

component, (,, then Equation 7 can be shown as:

(DRRn _7QQn > 0 (8)

The limit state equation that corresponds to Equation 8 is as follows:

g=R-0>0 ©)

where g is a random variable representing the safety margin, R is a random variable representing
resistance, O is a random variable representing load, R, is the nominal (design) resistance value,
O, is the nominal (design) load value, and ¢r and yp are resistance and load factors, respectively.

This concept of equations 7 through 9 and the influence of the distribution tails on the
calibration are illustrated in Figure 16, which shows conceptual plots of load and resistance
distributions, as well as the distribution of the safety margin, g, that results from the load and
resistance distributions. The magnitudes of the load and resistance factors used in the design

equation are established to yield the desired reliability index, £, which can be related to the
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probability of failure, P. As can be observed from this figure, it is the overlap in the load and
resistance distributions that influences the reliability index and the probability of failure, and the

opposite tails of the distributions have no influence on P

(]
% L(?ad . = Lo o = standard deviationof R- Q
g Distribution, 0 R ) f = reliability index
g — Re.351stanc.e P, = probability of failure
8 0 Distribution, R !
S,
Q
3
% Failure
3 Region, Pf)/
' 0 4
Magnitude of Q or R
g=R-0

Figure 16. Probability of failure and reliability index (adapted from Withiam et al. 1998).

This concept leads to the practice of making sure that the statistical parameters selected
result in the best fit possible in the tail region, termed here as the “best fit to tail.” For the data
shown in figures 14 and 15, the theoretical distribution that best fits the tail region is illustrated
in figures 17 and 18.

Similar analyses were conducted for the FHWA Modified Gates and ENR formulae, and
for the CAPWAP/TEPWAP bearing resistance predictions. The statistical parameters obtained
from these analyses are summarized in Table 4. Note that these statistical analyses excluded the
hydraulic and drop hammer data because of the paucity of data for those two hammer types. No
outlier data points were removed from any of the datasets analyzed to produce the statistics

shown in the table. Also note that only normal distribution statistics are presented in the table.
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Figure 17. Best fit to tail CDF for WSDOT pile driving formula bearing resistance bias values,

in which the estimated developed hammer energy is used to predict nominal pile bearing
resistance.
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Figure 18. Best fit to tail CDF for WSDOT pile driving formula bearing resistance bias values,
in which the rated hammer energy is used to predict nominal pile bearing resistance.
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Table 4. Summary of resistance statistics used for calibration of resistance factors.

Normal Distribution Parameters - All data

Parameters for Best Fit to Tail

Pile Capacity Prediction Mean of Actual Mean of
Method (all EOD, using Bias Values,, COV of |Distribution |Bjas Values, COV of |Distribution
developed energy) n A Bias Values|  Type A Bias Values|  Type

WSDOT Formula (developed
energy) 131 1.03 0.377 Lognormal 0.850 0.224 Lognormal
WSDOT Formula (rated
energy) 131 0.913 0.410 Lognormal 0.770 0.247 Lognormal
WSDOT Formula (developed
and rated energy, steam
hammers only, with|
maximum nominal resistance
of 1200 kips) 34 1.08 0.458 Lognormal 0.790 0.215 Lognormal
FHWA  Modified  Gates
Formula (estimated|
developed energy) 131 1.10 0.485 Lognormal 0.970 0.356 Lognormal
FHWA  Modified Gates
Formula (rated energy) 131 1.03 0.506 Lognormal 0.930 0.376 Lognormal
ENR with FS of 6 removed
(estimated developed energy) |131 0.370 0.870 Lognormal 0.280 0.464 Lognormal
ENR with FS of 6 removed
(rated energy) 131 0.332 0.949 Lognormal 0.230 0.435 Lognormal
CAPWAP (EOD all data) 126 1.87 0.701 Lognormal 1.54 0.390 Lognormal
CAPWAP (EOD with N < 8
bpi) 83 2.05 0.725 Lognormal 1.50 0.313 Lognormal
CAPWAP (BOR all data) 145 1.19 0.334 Lognormal 1.10 0.245 Lognormal
CAPWAP (BOR with N < 8
bpi) 56 1.13 0.270 Lognormal 1.03 0.204 Lognormal

If the distribution is actually lognormal, the lognormal parameters can be calculated

theoretically using the following equations from Benjamin and Cornell (1970):

tn = LN(ps) — 0.501,”

o = (LN((o/p)" + 1))
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Note that LN is the natural logarithm (base e). From these parameters, the theoretical normal
(Equation 12) and lognormal (Equation 13) distribution of the bias as a function of z can be

calculated as follows:

Bias=X=A+o0z (12)

Bias = X =EXP(u, + o1nz) (13)

Table 4 illustrates that the variability in each of these methods is significantly greater at
higher bias values than is the case at lower bias values. The “best fit to tail” statistics represent
the variability for low bias values, since the lower tail contains all of the low bias values. Where
the bias is less than 1.0 (i.e., where the measured resistance is less than the predicted resistance,
which is non-conservative), the WSDOT formula is significantly more consistent and therefore
reliable, based on these statistics, than the other driving formulae. This gives the WSDOT
formula the advantage regarding the magnitude of the resistance factor needed relative to the
other methods.

The reliability of the design is dependent on both the load and resistance factors used, and
the statistical parameters associated with those factors. While calibration can be conducted to
determine the magnitude of both the load and resistance factors, for this study the load factors
were held constant, and the magnitude of the resistance factor that yielded the desired level of
reliability determined. The load factors recommended in the current AASHTO specifications
(AASHTO 2004) were used for the calibrations conducted as a part of this study. These load
factors are provided in Table 5. The purpose, therefore, of these calibrations was to determine
the resistance factor needed to achieve the target S value (i.e., desired level of reliability),

assuming that the load factors shown in Table 5 are used.
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The load statistics needed for the reliability analysis are provided in Table 5. These load
statistics were developed and reported by Nowak (1999). Only the summary statistics are
provided here. Dead load and live load are the typical load components applicable for a pile
foundation design. For foundation design, it can be assumed that the live load transmitted to the
pile top includes dynamic load allowance (AASHTO 2004). The live load statistics provided
below assume that the live load includes dynamic load allowance. The dead load statistics
assume that the primary source of dead load is from cast-in-place concrete structure members.
Because the statistics and load factors for dead load and live load are different, the calibration
results will depend on the ratio of dead load to live load. Because of this, dead load to live load

ratios ranging from 2 to 5, which are typical for bridges and similar structures, were investigated.

Table 5. Load statistics used for the calibration of resistance factors (from Nowak 1999).

Mean of Bias COV of Bias Distribution Type Load Factor Used
Load Type Values Values
Dead load 1.05 0.10 Normal 1.25
Live load 1.15 0.18 Normal 1.75

Allen et al. (in press) and Allen (2005) discussed the determination of the appropriate Py
and f to use for the reliability analysis. Based this work and work by others (e.g., Paikowsky et
al. 2004), the reliability of the pile group is typically much greater than that of the individual
pile, considering the redundancy inherent in pile foundations, and considering that the pile
bearing resistance required for all piles in the group is typically based on the most heavily loaded
pile. In general, for structural design, a target reliability index, S, of 3.5 (an approximate Py of 1
in 5,000) is used. For the pile group, this A; can be achieved if the reliability index of the

individual pile is 2.3 (an approximate Pyof 1 in 100), provided that the group size is greater than
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four piles. Paikowsky, et al. (2004) indicated that for pile groups consisting of four piles or less,
a B of 3.0 (an approximate Prof 1 in 1000) should be targeted to address the lack of redundancy.

Monte Carlo simulation, as described by Allen et al. (in press), was used to perform the
reliability analysis to estimate £ and the resistance factor needed to achieve the target value of
(i.e., either 2.3 or 3.0). The load factors currently prescribed in the AASHTO LRFD Design
Specifications (AASHTO 2004) provided in Table 5, in combination with the resistance factors
and CDFs summarized in Table 4, were used in this analysis. The simulation was carried out by
generating 10,000 values of load and resistance using a random number generator, and by
subtracting the random load from the random resistance values to obtain 10,000 values of the
margin of safety, g.

An example of the Monte Carlo results, in this case for the WSDOT formula using the
estimated developed hammer energy, assuming a resistance factor of 0.60, is provided in Figure
19. The g value obtained is equal to the negative of the intercept of the safety margin curve (g)

with the standard normal variable axis.
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Figure 19. Monte Carlo simulation results for the WSDOT formula, using the estimated
developed energy, a dead load to live load ratio of 3, and a resistance factor of 0.60.

Similar analyses were conducted for various combinations of dead and live load, and for

each of the driving formulas and CAPWAP/TEPWAP analyses results.

40



CALIBRATION RESULTS

The calibration results are summarized in Table 6. The relative degree of conservatism
for each formula/method can be assessed by dividing the resistance factor by the bias for the
dataset (third column in Table 6). In general, it is desirable to keep the degree of conservatism in
the design method as low as possible. Therefore, the lower the relative conservatism ratio (see
Table 6), the more cost effective the design method is capable of being. As shown in the table,
the WSDOT formula is the least conservative method of the driving formulae, and the
CAPWAP/TEPWAP method is the least conservative method overall if used at BOR.

Table 6 also shows that there is a significant difference in the resistance factor required
for small pile groups that lack redundancy. In general, the resistance factor required for small
pile groups (i.e., less than five piles in the group) is approximately 80 percent of the resistance
factor required for larger pile groups, using the target £ values discussed previously.

Resistance factors were determined for the WSDOT formula for the case in which
estimated developed hammer energy was used, and for the case in which the rated energy was
used. As discussed previously, the developed hammer energy was not available for the case
histories in the database, necessitating an approximate but conservative estimate of the
developed energy used in these analyses. Therefore, the rated hammer energy, as well as only
hammer cases in which the rated and developed energy were identical, were also analyzed. These
analyses resulted in resistance factors ranging from 0.50 to 0.57, respectively, in addition to the
resistance factor of 0.60 obtained when all the data related to the developed hammer energy were

considered.
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The data provided in Table 6 also show that the magnitude of the resistance factors is not
strongly affected by the DL/LL ratio. This is likely due to the fact that the uncertainty in the
loads is much less than the uncertainty in the resistance. This finding is consistent with the
findings by others (Barker, et al., 1991; Allen 2005). Therefore, it is feasible to recommend one
resistance factor that is independent of the DL/LL ratio.

Table 6 indicates that a resistance factor of 0.45 could be used for the FHWA Gates
formula and 0.71 for the CAPWAP method at BOR for larger (redundant) pile groups. These are
slightly higher than what is recommended in Paikowsky, et al. (2004) and Allen (2005). The
difference is the result of differences in how well the CDF is fitted to the tail of the data, as
Paikowsky, et al. (2004) just use a general lognormal fit to the entire data set, whereas the lower

tail region was fit more accurately in the present study (see figures 17 and 18 as examples).

Table 6. Summary of resistance factors obtained from the Monte Carlo simulations.

B=2.3 p=3.0
Pile Resistance Prediction Method | py /.1, =2 | DL/LL =3 | DL/LL =5 DL/LL =3 DL/LL =3
Relative Conservatism
¢ ¢ ¢ Ratio, @/A ¢
WSDOT Formula (developed energy) 0.61 0.60 0.59 0.58 0.50
WSDOT Formula (rated energy) 0.52 0.50 0.50 0.56 0.41
WSDOT Formula (developed and
rated energy, steam hammers only) -- 0.57 -- 0.53 --
FHWA Modified Gates Formula
(estimated developed energy) -- 0.51 -- 0.46 0.40
FHWA Modified Gates Formula
(rated energy) -- 0.46 -- 0.45 0.37
ENR with FS of 6 removed
(estimated developed energy) -- 0.11 -- 0.30 0.08
ENR with FS of 6 removed (rated
energy) -- 0.10 -- 0.30 0.075
CAPWAP (EOD all data) - 0.73 - 0.39 0.56
CAPWAP (EOD with N < 8 bpi) -- 0.83 - 0.41 0.66
CAPWAP (BOR all data) -- 0.71 - 0.60 0.59
CAPWAP (BOR with N <8 bpi) -- 0.75 - 0.66 0.62
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RECOMMENDATIONS

In general, the resistance factors provided in the AASHTO LRFD specifications
(AASHTO 2004) are rounded to the nearest 0.05. Based on the analyses summarized in Table 6,
a resistance factor of 0.55 is recommended for the WSDOT Pile Driving Formula for larger
(redundant) pile group foundations. Note that the DL/LL ratio has only a minor effect on the
resistance factor required, and a ¢ of 0.55 appears to be applicable to most DL/LL combinations
that would be encountered in practice. For smaller pile groups (i.e., four piles or less), a
resistance factor of 0.45 is recommended so that a higher target £ of 3.0 is achieved.

In addition to these recommended values, resistance factors for other pile bearing
resistance field verification methods are presented in Table 7. Note that while a resistance factor
is provided for the ENR formula in Table 6, it is extremely low, which reflects the exceptional
degree of uncertainty in that particular formula. A recommended resistance factor for the ENR
formula is not provided in Table 7 because of the high degree of uncertainty in the predicted pile

resistance using that formula.

Table 7. Recommended resistance factors for pile foundations.

p=23 p=3.0
Pile Resistance Prediction Method Resistance Factor | Resistance Factor
° °
WSDOT Formula (developed energy) 0.55 0.45
FHWA Modified Gates Formula (estimated developed energy) 0.45 0.40
CAPWAP (EOD with N < 8 bpi) 0.75 0.65
CAPWAP (BOR with N < 8 bpi) 0.70 0.60
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